We investigate the variability properties of blazars in the GeV band using the data of the Fermi/LAT telescope. We find that blazars exhibit variability on the scales down to the minimal timescale resolvable by Fermi, which is a function of the peak photon count rate in the LAT. This implies that the real minimal variability timescales for the majority of blazars are typically shorter than those resolvable by the LAT. We find that for several blazars these minimal variability timescales reach those associated to the blazar central engine, the supermassive black hole. At the same time, none of the blazars exhibits variability on the timescale shorter than the black hole horizon light crossing time and/or the period of rotation around the last stable circular orbit. Based on this fact, we argue that the timing properties of the γ-ray signal could be determined by the processes in the direct vicinity of the supermassive black hole.
INTRODUCTION
Blazars are the subclass of radio-loud AGNs, for which the jet is closely aligned with the line of sight. They emit most of their power in the X-to γ-ray domain. This highenergy emission most probably originates in the jets and is produced via the Inverse Compton scattering of lowenergy photons.
Jets of the radio-loud AGNs are known to span over many orders of magnitude in distance, from the Astronomical Unit scale of the AGN central engine, the supermassive black hole (SMBH), up to the parsec to megaparsec scales. The exact location of the "blazar emission zone" in the jet is not known. If the γ-ray flux originates from within the Broad Line Region (BLR), where the radiation fields are intense, interactions of the γ-rays with low energy background photons leads to the e ± -pair production thus preventing the γ-rays from escaping the source (Liu & Bai 2006) . This problem could be avoided if the site of production of the γ-rays is located outside from the BLR, parsecs away from the central SMBH.
However, the possibility of location of the emission region at large distances poses a problem for the explanation of the observed variability timescales. Over the last few years, a number of blazars were found to exhibit variability on very short timescales, down to several minutes (Aharonian et al. 2007; Albert et al. 2007; Abramowski et al. 2010; Foschini et al. 2011; Neronov & Vovk 2011; Sbarrato et al. 2011) . Simple causality arguments indicate that the short variability timescales could be best explained by the compactness of the γ-ray emission regions, which appears natural if the blazar emission zone is situated close to the central engine. In fact, γ-ray emission produced at the distances D ∼ Γ 2 R CE , where Γ ∼ 3 − 30 is the bulk Lorentz factor of the jet and R CE is the size of the blazar central engine, could be variable at the timescale as short as the light crossing time of the central engine, t CE = R CE /c ∼ 10 3 [R CE /2 AU] s (Celotti et al. 1998 ). Although fast variability provides a strong argument in favor of the γ-ray production within the BLR regions, close to the central engine, alternative possibilities, usually invoking very compact emission regions embedded in the larger scale jet have been considered to explain the fast variability phenomenon (Ghisellini & Tavecchio 2008; Ghisellini et al. 2009; Giannios et al. 2009; Narayan & Piran 2012) .
Accumulation of a larger sample of fast variable blazars is needed to distinguish between the two possibilities. If the fast variability is due to the location of the γ-ray emission region close to the blazar central engine, one generically expects that the shortest variability timescale is determined by the central engine's size. In this case the minimal variability timescales of blazars are expected to scale proportionally to the mass of the central SMBH. Otherwise, if the shortest timescales are related to the compact emission regions at large distances, formed as a result of the development of instabilities intrinsic to the jet, the minimal variability timescales are not expected to depend on the size of the SMBHs powering the jets.
In this work we focus on the investigation of the minimal variability timescales of a large number of blazars observed by the Large Area Telescope (LAT) on board of Fermi satellite (Atwood et al. 2009 ). LAT is operating in the all-sky survey mode and is well suited for the monitoring of activity of blazars at different timescales in the 0.1-100 GeV energy band. At the same time, the relatively small effective area of LAT limits the photon statistics at the shortest minute-hour-day timescales expected if the fastest variability scale is determined by the SMBH. Below we study the variability properties of a large number of blazars which are detected by LAT in a two-year exposure (Nolan et al. 2012 ) and for which estimates of the mass of the SMBH exist. We demonstrate that although the minimal detected variability timescales are generically limited by the LAT sensitivity, for some ∼ 10 brightest sources LAT sensitivity is sufficient to probe the fundamental SMBH timescale. For these brightest sources, variability at the timescale comparable to the period of rotation around the last stable orbit is in fact observed. For 3 sources among these, the detected minimal variability timescales are found to be truly minimal, intrinsic to the sources. At the same time, we find that LAT sensitivity is currently not sufficient to confirm or rule out the correlation of the minimal variability timescales with the SMBH mass. We argue that accumulation of larger exposure with LAT will increase the statistics of the bright blazar flares during which the sources exhibit the short-time-scale variability. This should open the possibility for testing the minimal variability timescale -black hole mass correlation.
THE BLAZAR SAMPLE
The Fermi Large Area Telescope (Fermi/LAT) is a space borne detector, sensitive to the γ rays approximately from 100 MeV to 300 GeV. This instrument operates in all-sky scanning mode, completing the survey in two revolutions (∼ 3.2 hours). The Fermi/LAT two-year source catalogue (Nolan et al. 2012 ) contains ∼ 1800 sources, among which ∼ 1000 are associated with AGNs.
For the purpose of this work, we select blazars from the LAT two-year catalogue for which the estimates of the black hole masses exist. The mass estimates mainly come from observations in the optical domain. Several alternative methods for the mass estimates are used. One possibility is to use the observed correlation between the SMBH mass and velocity dispersion in the central stellar bulge observed in the nearby galaxies. Measuring the bulge velocity dispersion through the spectroscopic observations of the blazar host galaxy one could deduce an estimate of the SMBH mass (Tremaine et al. 2002) . Otherwise, the black hole mass could be estimated from a combination of measurement of the width of the atomic line emission from the BLR and the time delays between the continuum and line emission (reverberation mapping technique) (Kaspi et al. 2000) . Nolan et al. (2012) . References: (1) In the case of blazars, which form the majority of the AGNs observed in the GeV domain, it is often the case that the velocity dispersion of the bulge can not be measured due to the strong contamination with the emission of the AGN itself. In this case less direct estimates are used to infer the mass of the SMBH. These estimates are based on the so-called "Fundamental plane", that gives relation between the effective radius, average surface brightness and the velocity dispersion of the early-type galaxies (Falomo et al. 2003) . A similar correlation was found between the optical R-band luminosity of the bulge and the mass of the central SMBH (McLure & Dunlop 2002) .
For the purpose of this work we combined from the literature (Falomo et al. 2002 (Falomo et al. , 2003 Paltani & Türler 2005; Xie et al. 2005; Wu et al. 2009 ) the list of 195 AGN with the SMBH masses measured using different methods. We further selected those sources, that were observed by the Fermi/LAT telescope. Among those, only the sources without bright companions within 2
• -radius around their positions were chosen for the analysis. Such selection criterion assures that the variability properties of the source of interest are not affected by the variability of nearby sources (the Point-Spread-Funciton of LAT is several degrees wide in the energy range below ∼ 1 GeV 1 ). The resulting list of the 86 AGNs, used in present work, is given in table 1. 2 -a standard software package, provided by the Fermi collaboration to reduce the data, obtained by the Fermi/LAT. We also made use of the Pass 7 version of the photon files, which is stated by the Fermi collaboration as the best dataset for the Fermi/LAT analysis 3 . We selected the class 2 photons and applied the cut on the zenith angle of 105
DATA ANALYSIS
• . To produce the light curves we used the gtbin tool, and computed exposures, corresponding to each bin, with the help of gtexposure. We fixed the spectral indices of the sources at the values, presented in the Fermi/LAT twoyear source catalogue (Nolan et al. 2012 ). The energy range in our analyses was set to 100 MeV -300 GeV. As we were not interested in the absolute normalization of flux, but were rather kin to detect variability, we set the software to collect photons within a small, 1
• circle. This is much smaller than the 68% photon containment radius for 100 MeV, and is roughly equal to the same containment radius at 1 GeV. This way the analysis uses only the central, core part of the PSF, omitting its wings, thus minimizing contribution from the nearby sources. The light curves we built with the signal-to-noise ratio (SNR) binning, with the value of SNR in each bin fixed at 4. Reducing the noise when the flux is low, such a binning allows to resolve finest details in the light curve during the flares and, thus, to probe the fastest variability of the source.
The above-mentioned procedure is equivalent to the usual aperture photometry with two exceptions. First is that we do not collect all the photons from the source, as we select only the narrow central core of the PSF for our analysis. The second difference comes from the fact, that we do not perform the background subtraction. As the background is not expected to be variable, this should not introduce any additional time scales into our results, but might limit the sensitivity to the fast variability of weak sources.
Variability search
To search for the variability we utilized the structure function approach (Simonetti et al. 1985) . The structure function (SF) of the light curve x(t) with the time lag τ is defined as:
and represents the amount of variability at a given timescale τ . It was first introduced in astronomy by Simonetti et al. (1985) , and afterwards successfully used to measure the variability of AGNs (e.g. Favre et al. (2005) ). The advantage of the SF is that it works in the time domain, making it less sensitive to windowing problems than the Fourier analysis.
There are a few important properties of the structure function, that are crucial in the frames of this paper. First of all, for very small values of τ , far below the shortest variability timescale, the SF is dominated by the noise in the signal and, as the noise is independent from any timescale, the structure function here is constant. For the larger τ , but still below the minimal variability timescale, the SF represents the small-scale linear trends in the signal and grows as τ 2 . For the timescales, where the variability occurs, the change of the SF is defined by the type of the variability itself (for example, if a periodicity is present in the signal, the SF will show a dip at the corresponding period). Finally, for the largest values of τ , larger than any variability timescale present in the signal, the structure function forms a plateau at the value, corresponding to the variance of the incoming signal. Thus the overall look of the structure function for a particular light curve is defined by the combination of the minimal and maximal variability timescales, the level of noise and the particular binning, used to produce the light curve. A deeper discussion of the SF properties and caveats was given by Emmanoulopoulos et al. (2010) .
The structure function also provides a direct way of measuring the amplitude of the variability at a given timescale.
Ratio of values of SF at two different timescales is the square of the ratio of the corresponding amplitudes (see Eq. 1). Probably the most convenient way of quantifying the variability amplitude is to compare the corresponding value of SF with its plateau value in the limit of large τ , which represents the overall variance of the light curve.
To find the variability one has to compare the observed inclination slope of the logarithmically scaled SF (α=d log(SF )/d log(τ )) with 2 (linear grows) and 0 (below the minimal or above the maximal variability timescale). The linear growth, which not considered as variability here, may occur because of two different rea- sons. First, expansion of almost any signal into the Taylor series leads to the dominant linear term for sufficiently small values of τ , so generally one expects the slope of SF to be 2 for these values of τ for any light curve. If, one the other hand, the light curve itself is a simple linear increase of flux, then there is no timescale to be associated with this growth, and the minimal variability timescale can not be derived. The apparent slope of the SF is affected by the noise, introduced due to the limited number of photons in each bin of the light curve. Before checking the slope of the SF one has to remove the contribution from this noise. In the this work we assumed that the noise is purely Poissonian, corresponding to the amount of counts in each time bin. To calculate its influence on the resulting SF, we produced a number of simulated light curves, for which the time bins were taken as in the initial one, and number of photons in each bin was taken from the Poisson distribution with the mean equal to the initial number of photons in this bin. This way we expected to add to the light curve the very same noise as the one already present there, and, as a result, to double the value of noise plateau of the SF. The resulting difference between the averaged over the simulations SF and the initial one should be equal to value, added to the SF by the noise. Having subtracted this value from the initial SF, we obtained the noise-subtracted structure functions for each source. At the same time, the distribution of the values of simulated SFs for every given τ defined the uncertainties of the structure function, derived from the original light curve.
Uncertainties of the logarithmic inclination indices α of the structure function were also derived from these simulations. Because the computed error bars of SF are correlated (as every simulation resembles the original light curve), we computed the inclination indices for each simulated SF and then used their distribution for each value of τ to compute the 95% confidence error bars for the indices of the initial structure function.
We then compared all the indices of the SF with 2 and 0, as it was described above. The value of τ of the first bin, that, with the account of the error bars, would have an index different from these two reference values, was considered to be an estimate of the minimal variability timescale, present in the light curve.
As an example, the light curve, structure function and structure function indices of 4C +21.35, obtained in this way, are shown in Fig. 1 .
The minimal variability timescale, derived in this manner, may depend on the particular way the bins were chosen. Binning with a constant SNR essentially collects the photons in groups of N = SN R 2 , which is 16 in our case (SNR=4). Thus, in principle, we have a freedom of choosing these bins in 16 different ways. To account for this, for each source we produced 16 different light curves, each starting from the second photon of the previous one, in this way going over all the possible combinations. The timescales, derived for these light curves, then gave us the uncertainty to which the minimal variability is determined. If for any of those light curves variability was not found, we assumed that the source was not variable over the time interval covered by our analysis.
RESULTS
The derived minimal variability timescales, plotted versus the corresponding SMBH mass, are shown in Fig. 2 . As it can be seen from this figure, the majority of blazars in our sample vary on timescales significantly larger than the light-crossing times of their SMBHs (shown by the solid straight lines)
where R g = GM BH /c 2 and a = J BH /M BH c 2 is defined by the angular momentum J BH of the black hole and lies in the range 0 ≤ a ≤ R g .
A small fraction (some ∼ 10%) of the sources demonstrate variability timescales as small the period of the last stable orbit (shown by the dashed lines in Fig. 2 ) Fig. 2 one can notice that different blazar types, BL Lacs and Flat Spectrum Radio Quasars (FSRQ), exhibit variabilities at different timescales, with FSRQs being systematically variable at shorter timescales. It is not clear a-priori, if this reflects the difference in the mechanisms of γ-ray emission in these types of objects or is related to a selection bias or an instrumental effect in LAT.
It is also not clear a-priori if the sources which do not reveal variability on the timescales as short as the black hole light crossing time and/or the period of rotation around the last stable orbit are just not variable on these timescales or the sensitivity of the LAT is not sufficient for the detection of variability on such short timescales.
In order to investigate the sensitivity limit of LAT, we plot in Fig. 3 the dependence of the minimal variability timescale on the peak count rate in the LAT. From this figure one could see a trend that the minimal measured variability timescale decreases with the increasing peak count rate. This could be readily explained by the fact that detection of variability at a given timescale requires sufficient signal statistics. The minimal statistics in our case is 16 photons in one time bin. The minimal detectable variability time could not be shorter than the time necessary for collection of 32 photons (there should be at least two time bins to compare the fluxes). This minimal detectable scale is shown by the dashed line in Fig. 3 . One could see that the detected variability timescales follow the minimal detectable timescale line. Thus, the non-detection of variability of the signal from most of the blazars on the SMBH timescales is not related to the absence of such variability, but is rather due to the sensitivity limit of LAT.
From the same figure one could see that the difference in the variability timescales of FSRQs and BL Lacs is due to the fact that FSRQs are on average brighter than BL Lacs in the LAT energy band. Higher count rates of FSRQs allow the detection of shorter variability timescales for these sources.
One can also notice from Fig. 3 , that for 3 blazars, namely 3C 273, 4C +21.35 and PKS 1510-089, the sensitivity of Fermi/LAT allows the detection of an order of magnitude faster variability, than really observed. This suggests that the found minimal variability timescales of these sources correspond to the truly minimal timescales, defined by the physics of their emission regions. Analysis results for these sources are briefly summarized below.
3C 273 was variable by factor ∼ 100 in terms of flux over the period of the Fermi/LAT observations. This highly variable source is also one of the brightest in our sample, thus allowing to study the variability at the smallest timescales. This is demonstrated in Fig. 4 , where one of the bright flares, happened on the 21th of September 2009, is shown. As it can be seen from this figure, brightness of this flare ensures that the sufficient amount of photons per bin is achieved even for several hours long intervals, so variability down to a few hours could be, in principle, detectable for this particular light curve, if the variability amplitude is large enough, whereas our analysis indicated, that only ∼ day timescales are present (Fig. 3) . This can be seen from Fig. 5 , which shows the structure function for this particular light curve. Minimal variability timescale, found by our analysis of the entire light curve, is 0.58
−0.45 days. The corresponding light-crossing time of the central black hole and period of rotation at the last stable orbit can be estimated from equations 2 and 3: t lc ≈ 0.3 ÷ 0.6 days and P (r min ) ≈ 1.7 ÷ 14 days, depending on the black hole rotation momentum.
A curious feature, seen in Fig. 5 , is a dip at the timescale of ∼ 5 days, which may indicate (quasi)periodic changes in the light curve. Indeed, this behaviour is seen in the light curve, with the most prominent episode shown in Fig. 6 . If being associated with the emission of some blobs of gas, just about to fall onto the black hole, this gives us the period of rotation on the last stable orbit around the central SMBH. As the exact value of this period depends on the black hole's rotation momentum, similar measurements (with a better statistics) could be used to measure the latter.
4C +21.35 is another highly variable source with bright flares (see Fig. 1 ). The minimal variability timescale, determined by our analysis, is 0.050
−0.024 days or 1.20 +0.53 −0.58 hr. Visual inspection of the light curve suggests that it took place during the brightest flare on the 30th of April 2010. As Fermi/LAT operates in the all-sky scanning mode with the scanning period of 3.2 hr, this measurements of the variability timescales below 3 hr may be affected by the fact that telescope did not observe the source constantly. Consequently, it would be more conservative to say that the minimal detected variability timescale lies between 0.5 hr, which is the average duration of the observation of a given patch of the sky, and 3.2 hr.
PKS 1510-089 has produced a number of bright flares during the period of the Fermi/LAT operation, with the strongest one taking place on the 19th of October 2011. The minimal variability timescale, derived through the SF analysis, is 0.11
−0.06 days or 2.6 +4.4 −1.5 hr. Similarly to the case of 4C +21.35, we visually inspected the light curve and concluded that this estimate corresponds to the above mentioned flare. As the derived time scale is smaller than 3.2 hr, this estimate is subject to the same uncertainty, as the estimate for 4C +21.35. At τ ≃ 50 days structure function exhibits a dip, that continues up to the timescales comparable with the duration of the light curve, which is the largest timescale we can test with our analysis.
DISCUSSION
Minimal variability timescale provides information on the size and location of the γ-ray emission region and/or on the physical process responsible for the emission. In the case of blazars, the high-energy γ-ray emission might originate from a "blazar emission zone" in the jet at large distance from the central SMBH or, alternatively, from the direct vicinity of the black hole. We have proposed a method to distinguish between these two scenaria, via a study of correlation of the minimal variability timescale of γ-ray emission with the mass of the SMBH. In the former case no such correlation is expected, because the shortest variability timescales are determined by the size scales and/or Lorentz factors of small inhomogeneities in the blazar jets (possibly formed via development of plasma instabilities or magnetic reconnection events). In the latter scenario, a correlation is generically expected because the shortest variability timescale is determined by the size of the blazar central engine.
We have attempted to verify the existence of the "minimal timescale" -"black hole mass" correlation, using the data of Fermi/LAT. Our analysis shows that the LAT sensitivity is sufficient for detection of the variability timescales as short as the SMBH light crossing time and/or period of rotation around the last stable circular orbit for a number of bright flaring blazars, see Fig. 2 . From this figure one could see that some ∼ 10 blazars (out of 86 considered in the analysis) exhibit variability on the "fundamental" SMBH timescales. At the same time, none of the sources is variable on the timescales shorter than the black hole light crossing time.
From the same figure one could see that most of the sources are variable at least on the timescales within an order of magnitude from the period of rotation around the last stable orbit around Schwarzschild black hole. For most of the sources the minimal variability timescale measured by LAT is determined by the low statistics of the signal in LAT, rather than by the physics of the γ-ray emission intrinsic to the source. This is clear from Fig. 3 , in which a trend of the decrease of the minimal measured variability timescale with the increase of the peak flux is observed. Only three sources in our sample (3C 273, 4C +21.35 and PKS 1510-089) deviate from the formal sensitivity limit due to the finite γ-ray countrate in LAT, shown by the dashed line in Fig. 3 .
In these three sources the measured minimal variability timescale might be determined by the physics of the source, rather than by the LAT performance. In this case the measurement of the minimal variability timescale would provide an important information on the nature of the γ-ray emission. Indeed, the estimates of the masses of black holes in 4C +21.35, PKS 1510-089 and 3C 273 differ by more than an order of magnitude, but in all the three sources the minimal variability timescale derived from the LAT data is close to the light crossing time of the SMBH. This provides a support for the hypothesis of relation of the minimal variability timescale to the size of the blazar central engine. It is clear, however, that accumulation of larger sample of blazars, for which the intrinsic minimal variability timescale is measured, is needed before definitive conclusions on the validity of this hypothesis could be drawn.
One possible caveat of the measurement of the minimal variability timescale in 4C +21.35, PKS 1510-089 and 3C 273 could be in the peculiarity of the observation mode of LAT. LAT images each particular direction on the sky for the time spans of ∼ 0.5 hr once every 3.2 hours. Detection of variability on the timescales between 0.5 and 3.2 hours could, therefore, be affected by the irregularity of exposure by LAT. In the cases of PKS 1510-089 and 4C +21.35, the minimal detectable variability timescales are shorter than 0.5 hr so that, in principle, the variability could be measured within a single 0.5 hr exposure (with several time bins contained in this exposure). However, in the case of 3C 273, the minimal measurable variability timescale is close to 0.5 hr, so that the variability on this timescale might be missed if a particular flare of the source is not fully contained within a single 0.5 hr exposure. At the same time, 3C 273 produced a number of bright flares over the three year exposure with LAT, so that it is perhaps unlikely that half-an-hour scale variability has been missed in all the flares. Clarification of the issue of the instrumental 3.2 hr and 0.5 hr scales for the search of the minimal variability timescales will become possible with accumulation of more flaring sources with minimal detectable variability timescales in this range.
If the observed minimal variability timescales are indeed related to the timescales of the SMBH in the blazar central engine, they provide a direct measurement of the size of the central engine, without an uncertainty related to the Doppler factor of the emitting plasma (Neronov et al. 2008) . Indeed, as the black hole and the observer are located in the same rest frame, the variability produced by the black hole will be seen by observer at the very same timescale, independently of what happens on the way with the medium, carrying the emission. Thus, the only difference between the intrinsic and observed timescales comes from the cosmological redshift of the source, which enlarges the observed timescales by (1 + z) with respect to the intrinsic ones. Thus, γ-ray observations could potentially provide independent estimates of the masses of SMBHs in the cores of AGN, providing a important tool in the context of the study of the formation and evolution of the SMBHs. Indeed, in our analysis only 86 sources with known estimates of the SMBH masses were included (see Table 1 ). However, LAT AGN catalog (Nolan et al. 2012 ) includes a much larger number of variable sources, for which the measurements of the minimal variability timescales could be obtained, resulting in the estimates (or upper limits) on the masses of the SMBHs. The γ-ray tool for the estimate of the black hole masses would be usable only after accumulation of larger statistics of the measurements of the intrinsic minimal variability timescales of γ-ray emission from blazars and verification of the possible correlation between the black hole mass and variability timescale shown in Fig. 2 .
As it was mentioned before, current instruments, such as Fermi/LAT, allow only for the brightest objects to be studied at the sufficient level of details. The question whether the minimal variability timescale is indeed limited by the size of central black hole, thus, might need to await for the new generation of γ-ray instruments to become operational.
